Defensins (e.g., human neutrophil peptides, or HNPs) contribute to innate immunity through diverse actions, including microbial killing; high concentrations are present in the lung in response to inflammation. Arginines are critical for HNP activity, which is decreased by their replacement with ornithine. ADP-ribosyltransferases (ARTs) catalyze transfer of ADP-ribose from NAD to an acceptor arginine in a protein substrate, whereas ADP-ribosylarginine hydrolases release ADPribose. ART1 on the surface of airway epithelial cells ADP-ribosylated HNP-1 specifically on arginines 14 and 24, with ADP-ribosylation altering biological activity. Di-and mono-ADP-ribosylated HNP-1 were isolated from bronchoalveolar lavage fluid (BALF) of patients with asthma and idiopathic pulmonary fibrosis (IPF), suggesting a role for ADP-ribosylation in disease. In the present study, we observed that ART1-catalyzed ADP-ribosylation of HNP-1 in vitro generated a product with ADP-ribose on arginine 24, and ornithine replacing arginine at position 14. We hypothesized that ADP-ribosylarginine is susceptible to a nonenzymatic hydrolytic reaction yielding ornithine. On incubation of di-or mono-ADP-ribosyl-HNP-1 at 37°C, ADP-ribosylarginine was partially replaced by ornithine, whereas ornithine was not detected by amino acid analysis and mass spectrometry of unmodified HNP-1 incubated under the same conditions. Further, ornithine was produced from the model compound, ADPribosylarginine. BALF from an IPF patient contained ADP-ribosyl-HNPornithine as well as mono-and di-ADP-ribosylated HNP-1, consistent with in vivo conversion of arginine to ornithine. Targeted ADPribosylation of specific arginines by transferases, resulting in their replacement with ornithine, is an alternative pathway for regulation of protein function through posttranslational modification.
N eutrophils, a critical component of the innate immune system, are recruited to airways in response to inflammation or infection (1) . Neutrophil defensins [human neutrophil peptides (HNPs) [1] [2] [3] , stored in azurophilic granules, are small cationic peptides whose main function is to defend the lung against pathogenic microorganisms (2) . High levels of defensins have been found in patients with inflammatory lung diseases, such as idiopathic pulmonary fibrosis (IPF) (3) and cystic fibrosis (4) . In addition to antimicrobial activities and other diverse functions (5) , defensins interact with airway epithelial cells, increasing proliferation and stimulating wound repair (6) . HNP1-3 are arginine rich and differ in sequence by one amino acid. The salt bridge formed by Arg 5 -Glu 13 and three disulfide bridges are conserved, but not required, for antibacterial activity in vitro (7, 8) . The arginines in HNP-1 are critical for maintaining activity (9) . In addition, the low number of arginines in HD6 (human defensin 6 expressed in Paneth cells) may be responsible for its lack of antibacterial activity (10) .
Mono-ADP-ribosylation is a posttranslational modification of proteins in which the ADP-ribose moiety of NAD is transferred to a specific amino acid. Several well-characterized mono-ADP-ribosyltransferases were identified in viruses, bacteria, and eukaryotes. The modification can be reversed by ADP-ribosyl-acceptor hydrolases, which cleave the ADPribose-acceptor bond (11, 12) . Arginine-specific mono-ADPribosyltransferase-1 (ART1) is present on the apical surface of epithelial cells in human airways and is linked to the cell surface by a glycosylphosphatidylinositol (GPI) anchor (13, 14) . ART1 modifies the arginines of several substrates, including HNP-1, thereby altering their activity (15, 16) . ADPribosylation of HNP-1 decreased the antimicrobial and cytotoxic activities without affecting T-cell chemotaxis and IL-8 release from A549 lung carcinoma cells (17) . In vitro, ART1 ADP-ribosylates HNP-1 on arginine 14 with a secondary site on arginine 24. Mono-and di-ADP-ribosylated HNP were isolated from the bronchoalveolar lavage f luid of IPF and asthma patients, consistent with a role for the modified HNP-1 in disease (18) . In addition to the two modified forms, a third product separated by HPLC from the reaction of HNP-1, NAD, and ART1 was identified by mass spectrometry (MS) analysis as ADP-ribosylated HNP containing ornithine, a noncoded amino acid. Sequence analysis revealed ornithine as residue 14, with arginine 24 as the site of ADP-ribosylation.
We hypothesized that ADP-ribosylation of HNP-1 by ART1 was responsible for conversion of arginines to ornithine, suggesting a unique function for ADP-ribosylation. Because both modified forms of HNP-1 were found in bronchoalveolar lavage f luid, we investigated the possibility that ADPribosylation would change the primary sequence of HNP-1 in vivo, altering its activity. To determine the mechanism of ornithine production, we analyzed the HPLC-purified monoor di-ADP-ribosylated-HNP-1 after incubation at pH 7 and 9. To verify that the amino acid sequence of HNP-1 was not critical for conversion of arginines to ornithine and to assess stability of the arginine-ADP-ribose bond, we examined the effect of incubating purified ADP-ribosylarginine on ornithine formation under the same conditions.
Results and Discussion
After HPLC separation of products of the ART1, HNP-1, and NAD reaction, MS analysis identified HNP-1, mono-ADPribosylated on arginine 14, and di-ADP-ribosylated-HNP-1, with a second modification on arginine 24. Incubation of ART1 (2 nmol/h activity) and HNP-1 for 24 h at 30°C decreased the amount of di-ADP-ribosylated-HNP-1 and increased a fourth HPLC peak (Fig. 1) . The purified 3,940-Da product, identified as ADP-ribosylated-HNP-ornithine by MS analysis, with ornithine mapped to position 14, was subjected to acid hydrolysis. Amino acid analyses confirmed the presence of ornithine in the modified but not in the substrate HNP-1 ( Fig. 2) . Because arginine-14 is the site of ADP-ribosylation, it appeared that ADP-ribosyl-arginine was the precursor of ornithine in HNP. Amounts of modified HNP-ornithine recovered in the reaction mix increased with incubation time reaching about 26% after 168 h, consistent with the nonenzymatic conversion of arginine to ornithine (Fig. 3) . To verify that ART1 (or an enzymatic contaminant) was not required for ornithine formation, HPLC-purified mono-and dimodified HNP were incubated for 24 h at 37°C at pH 7 or 9, and the reaction products analyzed by MS (Fig. 4 and Table 1 ). Di-ADP-ribosylated-HNP converted to mono-ADP-ribosylated HNP-ornithine of 3940 molecular mass at pH 7 and the 
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MS/MS spectrum of the tryptic peptide containing residues 6 -14 from a digest of ADP-ribosyl-HNP-1. The b8 ion is generated from residues 6 -13 and is therefore the same in the arg and orn peptides. The b9 ion is generated from residues 6 -14 and contains either orn (D) or arg (E). The data are representative of 2 experiments. amount was greater at pH 9. About 50% of di-ADP-ribosylated HNP-1 was converted to mono-ADP-ribosylated-HNP-1-ornithine at pH 9; when the ADP-ribose and ornithine were mapped to positions on the HNP-1, we observed ADPribosylated arginine 14 and ornithine at position 24 and ADP-ribosylarginine 24 and ornithine 14. Of note, with the in vitro-modified HNP-1, we did not find any di-ADP-ribosylated-HNP-1-ornithine. Purified mono-ADP-ribosylated HNP-1 was converted to HNP-1-ornithine, 3,399.5 Da under the same conditions at pH 7, but the amount was greater at pH 9. Since the two ADP-ribosylated HNP-1 products were isolated from the broncoalveolar lavage fluid (BALF) of patients with IPF (18), we expected that ADP-ribosylated-HNP-ornithine would be present in vivo. To look for formation of HNP-1-ornithine in vivo, we examined BALF samples from 7 patients with idiopathic pulmonary fibrosis as described (18) . Briefly, 8 mL of BALF were applied to LC-18 Supelclean SPE tubes (Supelco) equilibrated in 10% isopropanol/0.1% TFA, washed and eluted with 50% isopropanol/0.1% TFA. The eluted proteins were vacuum concentrated before separation by RF-HPLC. In four of the seven IPF samples, a broad peak eluted at the retention time of HNP-1. MS analysis confirmed one of the samples contained HNP-1 and consisted of 38.8% HNP-1, 32.1% di-ADPribosylated HNP-1, 20.8% ADP-ribosyl-HNP-1, and 8.3% ADPribosyl-HNP-1-orninthine. These data are consistent with the in vivo alteration of HNP-1 primary sequence. Of note, as with in vitro ADP-ribosyl-HNP-1, in the in vivo-modified material, we did not see di-ADP-ribosylated HNP-1-ornithine, consistent with the fact that ornithine is not ADP-ribosylated by NAD:arginine ADP-ribosyltransferases. Experimentally, arginine and agmatine served as substrates for ART1, ornithine did not. We did not find HNP-1-ornithine in BALF from patients with asthma (n ϭ 4); of the four patients, one had both di-and mono-ADPribosylated HNP-1. Thus, ADP-ribosylation of HNP-1 and HNP-1-ornithine were not seen in all patients with IPF or asthma.
Effects of sequence and structure on the biological activity of the ␣-defensins have been studied by several investigators (19) . After ADP-ribosylation by ART1, HNP-1 had reduced antimicrobial and cytotoxic activities but maintained its ability to recruit T lymphocytes and release IL-8 from A549 cells (17) . To understand the cationicity of defensins, 3 of 4 arginines in HNP-1 (not arginine 5) were replaced with lysine or ornithine (9) . Bactericidal activity was decreased as arginines were replaced by lysines or ornithines. These data suggested that in addition to ADP-ribosylation, conversion of arginine to ornithine can alter HNP-1 activity in vivo.
Arginase, found predominantly in liver, catalyses the hydrolysis of arginine to ornithine in the urea cycle. We considered the possibility that, although the enzyme is reported to require free arginine (20) , HNP-1 could be a substrate for bovine liver arginase. HNP-1 (1.4 nmol), mono-ADP-ribosylated-HNP-1 (1 nmol), ADP-ribosylarginine (18 M), and arginine (5 mM) were incubated with manganese-activated arginase (0.7 units) at pH 9.5 (in 200 L, 37°C, 10 min), conditions used for arginase hydrolysis of arginine to ornithine (21) . Identification of the products by amino acid analysis and MS revealed ornithine only in the reaction that contained free arginine.
Ornithine was found in acid hydrolysates of human skin collagen and lens crystallins (22) ; the amounts increased with the age of the patients from whom the proteins were isolated. It was proposed that ornithine formation resulted from glycation of arginine by sugar moieties (Advanced Glycation End-products, AGEs), followed by time-dependent breakdown of the adduct to yield ornithine. In addition, because furornithine and N ␦ -carboxymethyl-ornithine were also detected in the acid hydrolysates, ornithine formed in this manner appeared to be further glycated. Reducing sugars, such as ribose and ADP-ribose, produce protein glycation by reacting with a free amino group of lysine or arginine (23, 24) . After the in vitro reaction of ribose with collagen, the hydrolysate contained ␣-NFC-1[N ␦ -(4-oxo-5-dihydroimidazol-2-yl)-L-ornithine], a product of a modified arginine (25) . Nonenzymatic modification of several proteins in vitro by sugars has been reported (26, 27) , but ornithine in a protein primary sequence has been reported only in collagen as a result of age-related glycation. No ornithine was identified after incubation with free ADP-ribose by MS (18) , and after incubation of HNP-1, which has no lysines in the native sequence, or arginine with free ADP-ribose by amino acid analysis (Fig. 5) . In contrast to ADP-ribose glycation reactions with model conjugates, enzymatically, ADP-ribosylated arginine was stable at pH 9 for 30 min at 37°C. ADP-ribose is released from the modified protein substrate chemically by incubation with hydroxylamine or by enzymatic cleavage by ADP-ribosylargininehydrolases (28) (29) (30) .
Consistent with a nonenzymatic conversion of modified arginine to ornithine in HNP, ADP-ribosylarginine generated ornithine when incubated under the same conditions. Ornithine was observed by amino acid analysis without prior acid hydrolysis after incubation at pH 7 and 9 (37°C) for 24 h. Arginine was cleaved from ADP-ribosylarginine incubated in 6N HCl at 37°C for 24 h, but ornithine was not detected by amino acid analysis (Fig. 5) . These data suggest that the amino acid sequence of HNP-1 is not required for conversion of modified arginines to ornithine. In contrast to the enzymatic cleavage of ADP-ribosylarginine by ADP-ribosyl-arginine hydrolase-1 (ARH1) at carbon 1ЈЈ of ADP-ribose, which releases ADP-ribose from arginine, the nonenzymatic hydrolysis of ADP-ribosylarginine at the guanidino carbon of arginine produces ornithine.
In addition to altering the molecular charge, pK a , secondary structure, and biological activity, the presence of ornithine at the HNP-1 arginine site and the absence of ADP-ribose would prevent the modified protein from interacting with ADP-ribosylacceptor hydrolases or serving as a target for subsequent ADPribosylation. ADP-ribosyltransferases, such as cholera toxin, modify guanidine-containing compounds (e.g., arginine or arginine on peptides), not amino acids containing an amino group [e.g., lysine (31, 32) and ornithine (32)]. We found the same to be true of ART1. If ADP-ribosylated arginine is converted nonenzymatically to ornithine, then the level of ADP-ribosylated proteins may deteriorate over time. Moreover, the effect of ADP-ribosylation on signal transduction would be altered. We had reported that HNP-1 is specifically mono-ADP-ribosylated by ART1 on arginine 14, or di-ADP-ribosylated on arginines 14 and 24, suggesting that specific sites in HNP-1 were selected by ADP-ribosyltransferases for conversion to ornithine. We reported that the posttranslational modification of HNP-1 by ADP-ribose regulated its function. We have shown that this modification may be unstable, resulting in an HNP-ornithine peptide with altered function which may be relevant to innate immunity in the airway.
Methods
Human Subjects Protection. The clinical protocol (99-H-0068) was approved by the National Heart, Lung, and Blood Institute Institutional Review Board. Written informed consent was obtained from all participants.
Preparation of mART1. Rat mammary adenocarcinoma (NMU) cells transfected with plasmids containing mART1 were grown in Eagle's MEM with 10% FBS (Invitrogen) and Geneticin (G-418) 0.5 mg/mL. Cells were purchased from American Type Culture Collection. Protein released from the cells by PI-PLC, collected in the medium for ADP-ribosyltransferase activity (nmol/h), were assayed by quantifying the transfer of ADP-ribose to agmatine in standard assays as described (18) .
Preparation of ADP-Ribosyl[ 14 C]arginine. CTA (60 g), 30 mM DTT, 10 mM NAD, and 10 mM arginine (0.5 Ci 14 C/assay) with 30 g ovalbumin in 20 mM potassium phosphate (pH 7.5; volume 300 L) were incubated overnight at 30°C. Reaction products were separated on a strong anion exchange (SAX) column (DuPont) by gradient elution (18) . Radioactive peaks were collected, vacuum concentrated, and applied to a Discovery BioWide Pore C18 RF-HPLC column (Supelco) equilibrated for 15 min with HPLC water, 0.05% TFA (flow ϭ 0.8 mL/min), followed by a 5-min linear gradient of 0% to 100% acetonitrile. Peaks, monitored by absorbance at 254 nm, and radioactivity identified as ADP-ribosyl[ 14 (see text following). The arginine peak was quantified by absorbance at 338 nm and fluorescence (340 excitation/450 emission), then compared with a standard curve.
Amino Acid Analysis. The indicated amount HNP-1 (Bachem) was vacuum dried, dissolved in 200 L of 6N HCl plus 5 L of 40 mM DTT before hydrolysis under nitrogen at 155°C for 45 min. The hydrolysate was vacuum dried and solubilized in 25 L water, 0.05% TFA before OPA (Agilent Technologies) precolumn automated derivatization. The conditions for the derivatization reaction and the HPLC separation (with the modification following) are described in Agilent Technologies Technical Note (publication no. 5980 -1193EN). The HPLC column, Eclipse-AAA (4.6 ϫ 150 mm, 5 m particle size) was equilibrated with mobile phase A, 40 mM sodium dibasic phosphate buffer (pH 7.8) and amino acids were eluted with a linear gradient of 0% to 40% of phase B, acetonitrile/MeOH/water (45:45:10) for 1.9 -15 min; 15-18.1 min gradient to 57% B, 18.1-18.6 min gradient to 100% B.
RF-HPLC Separation of HNP and ART1 Reaction Products. Products of the reaction of HNP-1 (Bachem) and NAD catalyzed by ART1 were separated by reverse-phase HPLC on a Discovery BioWide Pore C18 column (Supelco) as described (18) .
MS and Sequence Analysis. HNP-1 was reduced, cleaved by trypsin, and analyzed by reverse-phase chromatography/mass spectrometry as described (17, 18) , except that the reverse-phase column was a Zorbax 300SB-C18, 2.1 ϫ 50 mm 3.5 m, and the mass spectrometer was an Agilent model G1969 (Agilent Technologies) with a time-of-flight detector. Mass spectra were deconvoluted with the Agilent software, MassHunter version 2, and the fraction of each species was calculated from the areas of the deconvoluted peaks.
Preparation of Ornithine from ADP-Ribosyl[ 14 C]arginine at pH 9 at 30°C and 37°C. ADP-ribosyl[ 14 C]arginine was prepared as described, followed by incubation at pH 9. Three samples were analyzed by amino acid analysis at 30°C and 37°C. The production of ornithine at 30°C was 4.4 Ϯ 0.03 pmol/L, and at 37°C was 5.1 Ϯ 0.2 pmol/L. Data are mean Ϯ SEM of values from 3 samples.
